Existence of collective effects in magnetic coupling in ionic solids is studied by mapping spin eigenstates of the Heisenberg and exact nonrelativistic Hamiltonians on cluster models representing KNiF 3 , K 2 NiF 4 , NiO, and La 2 CuO 4 . Ab initio techniques are used to estimate the Heisenberg constant J. For clusters with two magnetic centers, the values obtained are about the same for models having more magnetic centers. The absence of collective effects in J strongly suggests that magnetic interactions in this kind of ionic solids are genuinely local and entangle only the two magnetic centers involved. ͓S0163-1829͑97͒04634-1͔
The proper and accurate description of magnetic interactions in systems with localized magnetic moments, i.e., ionic solids, is of importance not only from the point of view of basic knowledge but also to understand the electronic structure and magnetic behavior of superconductor parent compounds. 1 The experimental and theoretical study of the magnetic coupling in ionic solids is often based on the use of the Heisenberg Hamiltonian which may be written as
where the ͗i, j͘ symbol means that the summation is restricted to nearest-neighbor i and j magnetic centers with total spin moment S. The question addressed in this work concerns whether J contains two-body interactions only or if it is better regarded as an effective two-body parameter containing collective effects from the whole solid. We must point out that existence of collective effects in J is claimed mainly from intuition and has not been theoretically or experimentally proven. Because ionic solids are extended systems, it is customary to investigate their electronic structure by using a solid-state approach, usually exploiting translational symmetry. Notice, that this approach cannot provide an answer to the above question because there is no way to separate the collective effects from the two-body interactions. From a purely ab initio, or first-principles, point of view of the theory of the electronic structure, these solid-state approaches are often based on modifications 2-6 of the local-density approach ͑LDA͒. Without these modifications the LDA fails to describe the antiferromagnetic order of many compounds such as NiO or La 2 CuO 4 . 7 More recently, the periodic HartreeFock, in its unrestricted or spin-polarized version, has been applied to a variety of antiferromagnetic systems with, on first sight, a rather good agreement with experiment. 8, 9 An alternative approach, different albeit complimentary, is one based on the use of cluster models. [10] [11] [12] [13] [14] [15] [16] [17] [18] By construction, the cluster model permits one to investigate the importance of the collective effects. From a technical point of view, the main difference between periodic and local approaches lies in the way to estimate the instantaneous electron-electron interactions. Hence, while the former are constrained to the use of more or less approximate correlation ͑or exchangecorrelation͒ functionals, the latter permits the use of more accurate computational algorithms, usually based on configuration interaction expansions, that can be systematically improved with only the limitation of the computer resources. This local approach has permitted one to understand the basic mechanisms involved in magnetic coupling although a fully quantitative answer has not yet been possible. 11, 12, [16] [17] [18] For three-dimensional ͑3D͒ magnetic systems such as KNiF 3 and NiO, the ab initio cluster model approach has been applied to the computation of the magnetic coupling constant, J, and been able to explain roughly 50% of the experimental value even after explicit inclusion of electronic correlation effects. [11] [12] [13] [14] 17, 18 However, for a two-dimensional ͑2D͒ magnetic system such as La 2 CuO 4 the same approach permits one to obtain a much larger fraction ͑Ϸ80%͒ of the experimental value. 16 In all cases, part of the remaining difference with respect to the experimental value has been attributed to the collective effects that might be included in J ͓Eq. ͑1͔͒. Notice that for these systems the restriction on the summation in Eq. ͑1͒ to nearest neighbors only is well supported from experiments. [19] [20] [21] [22] [23] [24] [25] [26] In previous work, existence of collective effects was proposed from a cluster model containing more than two magnetic centers, but with a crude representation of the surroundings. 11 Later, ab initio UHF periodic calculations on KNiF 3 and K 2 NiF 4 reported values of about 66% of experiment, considerably larger that those obtained by the cluster model approach, and what it is more surprising, without explicit consideration of electronic correlation effects. 8, 9 These values appeared to provide further support for the existence of collective effects. However, in a very recent study Moreira and Illas have shown that, for KNiF 3 and K 2 NiF 4 , the agreement between periodic and cluster UHF calculations was almost complete 18 because the J values calculated within the periodic approach reported in Refs. 8 and 9 used two different definitions of the Heisenberg Hamiltonian for theory and experiment, a constant factor of 2 being missing. The fact that, within the same ab initio computational approach, cluster and periodic calculations conducts to the same calculated J value for these two different Ni compounds is against the proposal that collective effects are responsible for a large fraction of the experimental magnetic coupling constant. Moreover, ab initio cluster model calculations on K 2 NiF 4 similar to those previously reported for KNiF 3 yielded a similar description of J, only about 50% of the experimental J was recovered. This result is quite surprising since K 2 NiF 4 is best described as a 2D magnetic system and, if the collective effect were to play an important role, one would expect a result closer to experiment as for La 2 CuO 4 . 10, 15, 16 In order to have conclusive answers on the role of collective effects we present here state-of-the-art ab initio calculations for different cluster models representing KNiF 3 , K 2 NiF 4 , NiO ͑all with formal Ni 2ϩ cations in a d 8 configuration͒ and La 2 CuO 4 ͑with Cu 2ϩ cations in a d 9 configuration͒. First, we will present results for models with two magnetic centers only. These results have been obtained at a very high level of theory, not available for larger cluster models. Next, we compare the J values for two and many magnetic center cluster models. In this case special care has been taken that the ab initio methods applied permit an equivalent description for all cluster models. Now, J contains either interactions from two magnetic centers only or explicitly includes effects arising from many magnetic center interactions. Comparison between the two sets of results will provide a direct answer about the role of collective effects.
For all systems, we define a local region which contains the nuclei and electrons that are explicitly treated and an outer, or embedding, region defined by an array of total ion potentials ͑TIP's͒ and point charges ͑PC's͒ placed at the bulk ion sites. TIP's account for the finite size of the cations closer to the local region and prevent artificial polarization of the ligand anions and PC's are added to have a good representation of the long-range Madelung potential. For KNiF 3 Once the cluster models are defined, we obtain J by a suitable mapping of the eigenstates of exact nonrelativistic and Heisenberg Hamiltonians. [11] [12] [13] [14] [15] [16] [17] [18] For the exact nonrelativistic Hamiltonian we obtain reasonable estimates of the proper eigenstates and eigenvalues using a multireference zeroth-order wave function and by explicitly accounting for external correlation effects with difference dedicated CI ͑Ref. 27͒ ͑DDCI͒, and/or multireference second-order perturbation theory 28 for the pertinent spin states. In these calculations, the reference space is defined by the eigenfunctions of a complete active space configuration interaction ͑CASCI͒ 
and the ͉K͘ determinants are single and double excitations from the CAS determinants. Depending on the number of differences in holes and particles with respect to those in the CAS, the ͉K͘ determinants may have two, three, or four degrees of freedom. 27 In the DDCI, the ͉K͘ determinants with two degrees of freedom are treated up to infinite order. This is because these determinants are the ones with the largest contribution to the energy difference between the eigenvalues of the second-order effective Hamiltonian. 27 In the present work, for the clusters with two magnetic centers, the external correlation is included in two parts. The determinants with two degrees of freedom are treated up to infinite order through DDCI and the rest of the terms in Eq. ͑2͒ by second-order perturbation theory. These calculations are carried out at the all-electron level using large basis sets ͑series A͒. For the larger clusters, the external correlation is always included up to second order. Moreover, the core electrons are In Table I we present a brief summary of results for the different systems described above. First, we discuss the ab initio all-electron calculations for the cluster models with two magnetic centers ͑series A͒. In all cases, agreement with experiment is quite impressive. This is an important point given the very small energy differences involved and show the level of accuracy of the ab initio methods used in the present approach. Now, we come to the key point of this work. This concerns the origin of the difference between calculated and experimental results. It may be due to limitations of the computational approach: the requirement to include higher orders in the treatment of external correlation and the need to enlarge the active space, or to the limitations on the cluster model approach: the necessity to include more magnetic centers. At present it is hardly possible to go beyond the level of accuracy given by series A but we may investigate the limitations of this cluster model approach by considering the results for many magnetic center models. For the four materials and the different clusters, the general trend is the same; namely, that the calculated value of J ͑series B͒ is found to be almost independent of the number of magnetic centers explicitly included in the ab initio computational model. Given the fact that the systems chosen to carry out this study are very different, this is a highly surprising result. In fact, it holds for the KNiF 3 and K 2 NiF 4 perovskites, 3D and 2D magnetic systems, but where the proper coordination of each cation is essential to describe the magnetic interaction. This is because the magnetic orbitals d z 2 and d x 2 Ϫy 2 are both directed straight towards the anions. Thus, the presence of the ligands influences the spatial extent of the magnetic orbitals and hence the magnetic moment and the magnetic coupling constant. This strong influence of the ligands permits one to understand why a simpler Ni 4 F 4 cluster model, where the cations did not have the proper environment, led to a J value larger than that for a Ni 2 F model and seemed to provide an argument for the existence of collective effects. Clearly this was an arbitrary, unexpected, cluster artifact. We must point out that, although not given in the table, the results corresponding to the CASCI wave function ͑which include essentially the terms arising from Anderson superexchange mechanism͒ exhibit the same trend. The calculated J values are, of course, smaller but they do not evidence any dependence with respect to the number of magnetic centers.
The conclusion of this work can be summarized in a very concise way. Upon consideration of the correct mapping between spin eigenstates of the Heisenberg and using a reliable ab initio representation of those of the exact nonrelativistic Hamiltonian, for cluster models with two or more magnetic centers it is possible to obtain a reasonable estimate of the magnetic coupling constant J and to investigate the possible existence of collective effects. Surprisingly enough, the J value obtained from clusters with two magnetic centers is about the same as obtained when more magnetic centers are explicitly included in the model. This is found to be the case for four different materials with fairly different physical and chemical properties. Previous attempts to proclaim the existence of collective effects have been found to arise from cluster artifacts or from an improper comparison between calculated and experimental results ͑see Ref. 18͒. The absence of collective effects in the magnetic coupling constant found for KNiF 3 , K 2 NiF 4 , NiO, and La 2 CuO 4 strongly suggests that the magnetic interactions in this kind of narrow band systems are genuine local and entangle only the two magnetic centers involved. This research was supported by the Human Capital and Mobility Programme, Access to Large Installations, under Contract No. CHGE-CT92-0009 ''Access to supercomputing facilities for European researchers'' established between the European Community and CESCA/CEPBA. We also acknowledge financial support from the Spanish ''Ministerio de Educación'' under Project Nos. DGICYT PB95-0847-C02-01 and PB95-0847-C02-02 and partial support from the ''Direcció General de Recerca de la Generalitat de Catalunya'' under Project Nos. 1995SGR-00048 and 1995SGR-00426. Finally, the authors wish to thank the ''Centre de Supercomputació de Catalunya,'' CESCA, for helping with the calculations. 
